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Introduction
A long-standing paradox in ecology is how species diversity can be maintained in the face of competition for a single, limited resource (Hutchinson 1961; Connell 1978) . A number of hypotheses have been proposed, including the competitive network hypothesis, in which competitive ability is not strictly hierarchical (Jackson and Buss 1975; Buss and Jackson 1979) . In a strict hierarchy, competition is transitive, meaning that if species A beats species B, and species B beats species C, then species A also beats species C. Any other competitive relation between three species constitutes a departure from strict hierarchy and may be a form of nontransitivity (more detail in the appendix, available online). Under the competitive network hypothesis, diversity is maintained because every species is superior in some competitions and inferior in others, leading to nontransitivity in the network. In a purely transitive network, one competitor would be consistently superior to all others and could eventually come to dominate a community through the competitive exclusion principle by crowding out inferior competitors (Grinnell 1904; Hardin 1960) , although unexpected outcomes can result if a system is perturbed or if competitive abilities evolve (Frean and Abraham 2001) . Another proposed explanation for the paradox is the compensatory mortality hypothesis, according to which species diversity may be maintained through better competitors being more susceptible to damage from disease or other causes not related to competition (Connell 1978) .
Reef-building corals present a textbook example of numerous species competing for the same limited resources, namely, light and space (Connell 1978) . Some support has been found for the compensatory mortality hypothesis among corals (Riegl and Purkis 2009) . The competitive network hypothesis, which was originally proposed to describe interactions between sessile coral reef invertebrates from several phyla (Jackson and Buss 1975) , has yet to be examined among large groups of coral species. Most research on the competitive network hypothesis has been theoretical (e.g., May and Leonard 1975; Karlson and Jackson 1981; Huisman and Weissing 2001) , perhaps due to the empirical challenges involved in adequately characterizing pairwise interactions among taxa in species-rich communities (Laird and Schamp 2006) . This rich body of theoretical work has refined the competitive network hypothesis, but more thorough empirical exploration of interspecific competition is needed to create a bridge between the theoretical results and field observations.
Despite the lack of large-scale research on the competitive network hypothesis for corals, basic data on pairwise competitive outcomes have been collected in many studies, and Karlson and Buss (1984) posed the question of whether nontransitivity could effectively trade off with predationcaused disturbance in producing an effect on diversity. If this is true, nontransitivity would therefore be of greater consequence to clonal organisms, such as most corals, which often suffer only partial mortality from predation. While numerous studies have presented evidence of nontransitive competition among scleractinian corals (e.g., Buss and Jackson 1979; Cope 1984; Logan 1984; Dai 1990; Abelson and Loya 1999) , others have failed to find such evidence (Lang 1973; Connell 1978) . Connell (1978) suggested that nontransitivity might be more likely among less closely related organisms, while the opposite has also been hypothesized (Keddy and Shipley 1989) . Long-term competition studies have also revealed reversals in dominance among competitors depending on the time of observation (Wellington 1980; Chornesky 1989) .
Nontransitive competition networks can arise only when more than one competitive strategy can be used. Competitive strategies among corals are numerous and include physical mechanisms such as overgrowth, overtopping, redirection of growth, and locomotion; chemical mechanisms such as the release of toxic compounds; and biological mechanisms including elongated polyps or tentacles, extracoelenteric digestion, and nematocyst discharge (Chadwick and Morrow 2011) . A given mechanism may not always be equally effective and can be mediated by external conditions such as water movement or the presence of corallivores (Bak et al. 1982; Cox 1986; Gunthorpe and Cameron 1990; Lang and Chornesky 1990; Genin et al. 1994; Tanner 1995) . Coral species traits have also been linked to competitive outcomes via these strategies (e.g., Connell et al. 2004) . For example, ramose and foliose growth forms may be able to overtop less upright morphologies such as massive or encrusting forms (Gravier 1910; Lang 1973; Stimson 1985; Connell et al. 2004 ). Faster growth rates have been measured in superior competitors in some environments (Connell et al. 2004; Dizon and Yap 2005) . Larger polyp sizes have been associated with competitive ability in at least some families, perhaps because of a correlation with the length of sweeper and other tentacles, extruded filaments, and effective reach of other competitive mechanisms (Sheppard 1981; Lang and Chornesky 1990; Abelson and Loya 1999) . We also hypothesize that species that invest more in larger polyps would logically spend more energy on defending their investment. Although we are not aware of studies measuring this trade-off directly, Leuzinger et al. (2003) found an inverse relationship between polyp size and reproductive and somatic tissue that is suggestive of considerable allocation to growth and maintenance for larger-polyped species. Some researchers have reported that less common species may be more aggressive (Lang 1973) and have speculated that the energetic costs of competition could detract from growth and reproduction (Romano 1990; Leuzinger et al. 2003) , while others have found the opposite (Sheppard 1979; Dai 1990) or no relationship (Abelson and Loya 1999) .
Species-level functional, ecological, and physiological traits can serve as the basis of a framework to both explain and quantitatively predict species distributions and composition (McGill et al. 2006) . Much research on interspecific coral competition has examined interactions within a single geographical area among species that encompass only a restricted range of possible species-trait values. To the extent that traits influence competitive outcomes similarly throughout the range of values they take on and regardless of location, pooling data across sites to examine species interactions on a larger scale will assist in providing a more comprehensive picture of how traits influence competitive outcomes. This exploration is enabled by a recently developed database of coral traits (Madin et al. 2016) .
Toward this end, the first aim of this article was to test hypotheses linking competitive outcomes to species-level traits (specifically, growth form, corallite width, commonness, geographical range size, and depth range). Competitive superiority was expected to be associated with more upright growth forms and larger corallites. It was not clear what direction to expect for a correlation between commonness and competitive ability. Geographical range size and depth range were hypothesized to be inversely related to competitive strength, because corals with smaller ranges may go extinct if they are poor competitors. At the same time, larger-ranged corals have been reported to be more prone to disease (Díaz and Madin 2011) . Thus, a finding that larger geographical or depth ranges are associated with lesser competitive ability would be consistent with Connell's compensatory mortality hypothesis.
A second, closely coupled aim was to evaluate the relative magnitudes of the impacts of different traits on statistically modeled outcomes; that is, a change in one trait may make a larger difference than a change in another trait. The third aim was to test the hypotheses that competitive outcomes are less predictable for more closely related species and that nontransitivity increases with relatedness (Keddy and Shipley 1989) . The final aim was to examine the extent to which corals compete according to nontransitive networks rather than hierarchies.
Methods

Interaction Data
Data from 2,569 naturally occurring pairwise interspecific interactions were gathered from previously published studies (details in appendix). For each interaction, the names of the two competing species, the location, and the out-come were recorded. Currently accepted species names were substituted where needed using the World Register of Marine Species (http://www.marinespecies.org). The alphabetically earlier of the two species was referred to as species 1, and the alphabetically later species was referred to as species 2. Outcomes were defined by the original references as follows: A species was recorded as losing a competitive interaction if it showed a dead margin along its boundary with another species, necrotic tissue, exposed skeleton, algal growth, or an unusual growth pattern indicating avoidance of a neighboring colony, or if it was being overgrown by the other species. If both species showed damage, or if neither species showed damage or any evident reaction, the interaction was coded as a standoff.
The 2,569 interactions were divided between a training set of 2,322 interactions used during model development and parameter estimation and a test set of 247 interactions used later to assess model performance. Interactions were placed in the training set when a publication made clear how many interactions were observed between a pair of species and what the outcomes were for each interaction. If a published study reported less information but was nonetheless clear that only one of the three possible outcomes had been observed in competitions between a given pair of species, a single interaction with that outcome was entered into the test set. The test set was reviewed as a whole to ensure that each species pair was represented only once and that each had been seen with only a single outcome. Interactions were observed among 111 species, of which 83 were included in the training set and 54 in the test set. The training and test sets contained 398 unique species pairs from 10 locations and 247 unique species pairs from 6 locations, respectively.
Interactions between the same species pair sometimes lead to different outcomes; that is, either member of the pair may win or there may be a standoff. Figure 1 shows the natural log of the count of the most common outcome for each species-pair interaction, plotted against the natural log of the total number of interactions between that species pair in the training set. (The points were dithered slightly so as to show otherwise overlapping points.) On average, for a species pair that interacts at least twice, 79.7% of the interactions between that species pair resulted in the single most common outcome for that pair.
Trait Data
Species-level traits were downloaded from the Coral Trait Database on July 9, 2016 (http://www.coraltraits.org). The trait values included in this analysis are based on general descriptions of the species and not on the particular interactions for which outcomes are available. The traits considered in our analysis include the typical density or commonness of each species in assemblages (represented with 1 for common and 0 for uncommon/rare), corallite width (mm), geographic range size (km 2 ), upper and lower depth limits (m), and typical growth form. Growth forms were mapped from descriptive categories to uprightness ranks as shown in table 1, following the argument that the uprightness of growth form can be linked to competitive strategy (Jackson 1979) and observations that more vertical forms can overtop less vertical ones (Lang 1973; Baird and Hughes 2000) . Depth range was calculated as the difference between the deepest reported lower depth limit and shallowest reported upper depth limit.
A total of 728 species had information on all five traits, and 774 had information on all but depth limits. Depth limits for four species in the training set were missing from the Coral Trait Database and were estimated based on expert knowledge (T. Bridge, personal communication). Three trainingset species had range maps but not a numerical measure of geographical range size. Range sizes for these three species were estimated based on those of other species having the same or similar range maps in the Coral Trait Database and the IUCN Red List website (http://maps.iucnredlist.org).
Analysis
Our response variable was ordinal with three levels (win by species 1 1 standoff 1 loss by species 1), so analyses were Natural log of number of interactions per species pair Natural log of count of most common outcome Figure 1 : Natural log of number of interactions per species pair versus natural log of count of the most common outcome for that pair. Points are dithered so that multiple points with the same values can be seen. If all interactions between a species pair produced the same outcome, this is represented by a point falling on the dashed diagonal line.
undertaken by fitting a cumulative link mixed model using the clmm function in the ordinal package (Christensen 2015) in R (R Core Team 2016). Fixed effects on this ordinal response variable included the differences in trait values between species 1 and 2 on a linear scale (growth form rank, local commonness) or log 2 scale (corallite width, range size, depth range). Each variable in the training set was standardized by dividing by its standard deviation to facilitate comparisons of fixed effects among variables based on the fitted model coefficients. For the subsequent evaluation of the model's prediction accuracy when applied to new data, the test set was likewise standardized using the standard deviations of the training data, that is, using identical scalings for the predictor variables in both the training and test sets. A single random effect was created by concatenating the names of species 1 and 2, because the experimental unit was the interaction. In most cases, the random effect of the species pair could not be separated from possible effects of location and study because only 23 species pairs occurred in more than one study site (and one study). Thus, the random effect should be interpreted with some caution.
In general, cumulative link models yield predictions for an ordinal response variable through the estimation of a latent continuous response variable (calculated from the predictor variables and fitted model coefficients), which is then mapped to the ordinal scale based on fitted threshold parameters that define boundaries between adjacent levels. Two steps were taken to ensure that the fitted model was insensitive to the arbitrary ordering of species 1 and 2 in the analysis. First, the fixed-effect predictor variables were not mean centered, ensuring that a value of 0 corresponded to no difference in trait values for the species pair. Second, the thresholds between win and standoff and between standoff and loss were constrained to be identical in magnitude and opposite in sign by setting the option "threshold" to "symmetric2" when calling the clmm function and there was no other intercept. Thus, the outcome was not biased toward a win or a loss in the absence of trait differences. Together these steps ensured that the estimated probabilities of winning and losing were independent of the species' ordering for a given species in a given species pair.
The final model was used to predict outcomes for the interactions in the training and test sets and for all possible pairs of the 774 species that had information on the retained traits. The single most probable outcome predicted by the model for a species pair was used as the predicted outcome for that pair. Prediction accuracy was compared with chance accuracy via binomial probabilities for the training and test set interactions. The predictions were also compared with the observed outcomes for the test set species pairs to assess how well the model performed on an independent set of interactions.
The model yields predictions of the probability of each possible outcome for each species pair. Thus, it can predict nontransitive relations, including cycles (as defined in graph theory) where species A beats species B, B beats C, and C beats A (i.e., A 1 B 1 C 1 A). For the species pairs with one or more interactions in the training set, analogous observed probabilities were estimated by dividing the number of interactions with each outcome by the total number of interactions observed between that species pair. The average probabilities of cycles and other possible three-way relations were then calculated by combining the probabilities of pairwise outcomes, both for the training set observations and for the predictions for pairs of the 83 training set species, to provide some insight into their degree of nontransitivity.
To compare predictions for a more closely related, taxonomically restricted set of species with those for a more taxonomically diverse set, two distinct species sets were created where all or nearly all pairwise interactions within the sets had been observed (given in the appendix). For the taxonomically restricted set, nine species were chosen from a single genus (Acropora, because it was represented by a large number of species with many observations in our database). A total of 225 interactions were observed among these nine species, with at least one observation for all but two of 36 possible pairwise interactions among the species. The taxonomically diverse set comprised nine species from nine different genera and eight different molecularly determined families. A total of 175 interactions were observed among these species, with at least one observation for every possible pairwise interaction. The average number of different observed outcomes was calculated for each set, as was the prediction accuracy. To assess whether the different numbers of interactions among each set affected the average number of observed outcomes per species pair, 100,000 sets of 175 interactions were sampled from the 225 interactions among the taxonomically restricted set to form an empirical bootstrap distribution of the average number of outcomes per species pair given 175 interactions among the taxonomically restricted set. Finally, the probabilities of three-way relations were calculated using the observed pairwise interactions in each set. Probabilities of each pairwise outcome were estimated by dividing the number of observed interactions with each outcome by the total number of interactions observed between that species pair. Probabilities for each set of three pairwise interactions were multiplied to obtain the probabilities of three-way relations; these were then averaged by dividing by the number of three-way relations for which all pairwise interactions had been seen. Data, data citations, model output, and R code are deposited in the Dryad Digital Repository: http://dx.doi.org /10.5061/dryad.053jh (Precoda et al. 2017 ).
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Results
Significance and Relative Importance of Traits, and Predicted Outcomes
Consistent with our hypotheses, corallite width, geographical range size, growth form ranking (uprightness), and commonness were all found to be significant predictors of competitive outcomes. The depth range difference was dropped because preliminary analyses indicated that its inclusion did not reach significance (p ≈ :11) and improved the Akaike information criterion by only 0.5. The best-fitting cumulative link mixed model is shown in table 2. An additional analysis was performed after excluding the 321 interactions in the training set that involved fungiids in order to assess their impact on the corallite width coefficient. The coefficient estimates are similar, indicating no undue influence of these large-corallite species on the results (table A2; tables A1-A4 available online). The relative importance of each of the predictors of competitive outcomes can be visualized in figure 2, which shows histograms of the distributions of the estimated fixed and random effects in the training set, with vertical dashed lines indicating thresholds between standoffs and wins/losses. The thresholds are multiplied by the standard deviations of the fixed effects so that the X-axis values are directly interpretable. The distribution of data relative to the thresholds in each histogram reflects the relative importance of that predictor because a trait with more data outside the standoff region is more likely to cause a difference in the ultimate prediction. Corallite width is the most important trait, followed by geographical range size, growth form rank, and commonness. Better competitive ability is associated with larger corallites, a smaller geographical range, and greater uprightness, as hypothesized. It is also associated with greater commonness in assemblages, for which we had made no directional prediction.
Figure 2 also aids in interpreting the relative importance of each trait by illustrating how big a change in one predictor is required to alter the predicted outcome if there is no difference in other traits. For example, a difference in corallite widths of about a factor of two (i.e., a log 2 corallite width ratio of 1) is sufficient to alter the predicted outcome, while the geographical range of one species must be more than four times that of another to predict a win by the species with the smaller range.
The prediction accuracy of the model is addressed in table 3, which aligns the observed and predicted outcomes for the species pairs that had only a single observed outcome. Predictions were made using the trait values alone, that is, omitting the species-pair random effect. On the training set, for the 254 species pairs for which only a single outcome was recorded and, hence, the maximum possible accuracy was 100%, the prediction accuracy (59.1%) was significantly better than expected by chance (44.5%; binomial, p ≪ :0001). When considering all the individual interactions, which included multiple and sometimes conflicting outcomes for some species pairs, the highest accuracy achievable was 79.2% of the individual interactions, because of the varying outcomes across interactions of a single species pair. If the highest-probability outcome from 1 . Code that appears in The American Naturalist is provided as a convenience to the readers. It has not necessarily been tested as part of the peer review. the model was taken as the prediction, the outcomes of 49.1% of all training set interactions were predicted correctly, a significantly higher rate than chance accuracy of 42.2% (binomial, p ≪ :0001; table A3). On the test set, where each species pair was associated with a single interaction and outcome, prediction accuracy was 49.8%, compared to 46.6% chance accuracy (not significant; binomial, p p :14).
Readers interested in the competitive abilities of specific families will find observed and predicted outcomes by molecularly determined family shown in figures A1 and A2 (available online) and briefly discussed in the appendix. Model predictions for all species pairs are provided online.
Competition among Taxonomically Restricted and Taxonomically Diverse Species
The taxonomically restricted set of nine species belonging to a single genus averaged 2.29 different outcomes per species pair, compared with 1.75 different outcomes per pair of species in the taxonomically diverse set with nine differ- Histograms for the training set of the absolute values of estimated random effects (A), log corallite width ratios (B), log geographical range size ratios (C), growth form or uprightness rank differences (D), and local commonness or density differences (E). Dashed vertical lines indicate the threshold between standoff and win/loss; their locations are determined by the model thresholds multiplied by the standard deviation of training set values and divided by the coefficient for each fixed effect. Because B and C show the log base 2 of the ratios of the predictors, a value of 4 means that the relevant trait is 16 times larger for one species than the other. ent genera. The first and fifth percentiles of the empirical distribution of the average number of outcomes per species pair for 175 interactions among the taxonomically restricted set were 2.03 and 2.09, indicating that the difference between 2.29 and 1.75 reflects differences among the species sets and is not due to the different numbers of interactions in the two sets. The most commonly observed outcome in the restricted set was a standoff. An accurate prediction for these species pairs was defined as one that matched the most common outcome observed for a given species pair. As hypothesized, prediction accuracy for the taxonomically restricted set of 44.1%, compared to chance accuracy of 58.8%, was lower than for the diverse set, with prediction accuracy of 69.4% and chance accuracy of 41.7%. Three-way relations were estimated to be purely transitive in 12% of taxonomically restricted triples and 44% of taxonomically diverse triples, supporting the hypothesis that nontransitivity increases with relatedness. Purely intransitive, cyclic relations were estimated to be present in 2% and 3%, respectively, of restricted and diverse species triples. Other nontransitive relations were estimated to affect 65% of taxonomically restricted triples and 20% of taxonomically diverse triples. Full results by three-way relation type are given in table A4.
The Extent of Nontransitivity among Corals
The most common three-way relation among the training species observations and predictions was the purely transitive relation A 1 B 1 C ! A (species A outcompetes species B, which outcompetes species C, which is outcompeted by species A). The empirical probabilities of each relation were averaged across 992 triples that had each pairwise interaction observed in the training set, and the predicted probabilities of each relation were averaged across the predictions for 91,881 triples. The purely transitive relation was estimated to hold for nearly half of species triples in both cases. Second most common were the nonhierarchical but indeterminately transitive relations A 1 B p C ! A or A ! B p C 1 A. Next most common were two types of nontransitive relation, A 1 B 1 C p A and A 1 B p C p A, together found in about 15%-25% of species triples. Least common were purely intransitive, cyclic relations (A 1 B 1 C 1 A), which held for 1%-2% of species triples. Estimated probabilities of each type of possible three-way relation are given in table 4, both for the training-set species pairs that interacted and for the outcomes predicted by the model for all pairs of the 83 training set species.
Discussion
The first goals of this work were to examine hypotheses that more upright growth forms, larger corallites, smaller geographical and depth ranges, and a difference in local commonness were linked to competitive superiority and to compare the relative importance of traits that were found Purely intransitive, cyclic
Note: "A 1 B" may be read as "species A outcompetes species B" and "A p B" as "species A and B reach a standoff."
to be significantly related to competitive ability. The hypotheses were largely confirmed. Of these traits, corallite width was most important, agreeing with and confirming on a larger scale the result of Abelson and Loya (1999) and consistent with defending investment in large polyps. The second most important, smaller geographical range size, was associated with a higher probability of winning interspecific competition, as hypothesized. However, corals with smaller geographic range sizes have previously been reported to have a lower incidence of disease (Díaz and Madin 2011) . Thus our finding is not consistent with Connell's compensatory mortality hypothesis; more detailed study would be required to fully illuminate these links. Depth range was not found to be a significant predictor of competitive outcome. Differences in uprightness or growth form were significant even though their relative contribution to the model could have been underestimated, because damage from direct contact may have been easier to detect than overtopping and overgrowth. Commonness in assemblages was also a statistically significant predictor of competitive outcome, although it was the least important of the significant traits. If all other traits are held equal for two species, a difference in corallite width, in geographical range size, or, in sufficiently extreme cases, in growth form could determine the outcome. A difference in commonness would not be sufficient on its own to change the outcome. The relative weakness of commonness as a determinant of competitive abilities is consistent with previous studies' conflicting findings concerning the existence and direction of a relationship between local commonness and competitive ability. The random effect attributable to the species pair-and, implicitly, study site and study, in most cases-was on average greater than the trait effects, suggesting that a major determinant of competitive outcomes was considerable speciesspecific or pair-specific idiosyncrasy or additional significant traits not included in the analysis. Other candidate traits include relative colony size (Chornesky 1989; Lang and Chornesky 1990; Connolly and Muko 2003) , which is unavailable for this data set, and morphology. For some corals, morphology changes with colony size, which might be associated with differential use of competitive mechanisms over time (Lang and Chornesky 1990) . Another potentially important determinant of competitive outcome is geographic location, as some species have been reported to vary in their aggressiveness across different regions (Logan 1984 ). Yet another is local water movement and the location on the colony of the potentially interacting part (Bak et al. 1982) . Further, the magnitude of the random effect may itself be evidence of nontransitivity. If one trait were the main determinant of outcome, the species could be arranged in order by that trait to predict a competitive hierarchy. The large random effect, which is an interaction term between species, suggests no such simple ordering is possible.
Competitive ability is also influenced by factors unrelated to species identities or traits, as can be seen in the variation in outcomes for a given species pair ( fig. 1) . Of 398 species pairs in the training set, 266 were observed interacting more than once. While 122 of these species pairs showed the same outcome each time they interacted, the other 144 species pairs displayed more than one outcome. Similarly variable outcomes were noted by Bak et al. (1982) and Rinkevich and Sakai (2001) . This diversity of outcomes illustrates the extent to which scleractinian corals' competitive ability can vary with environmental or other conditions. This study's third goal was to examine whether more closely related species showed less predictable competitive outcomes and greater nontransitivity (Keddy and Shipley 1989) . Differences in outcomes for taxonomically diverse and restricted sets of species were consistent with the hypothesis of less predictable outcomes among taxonomically restricted species. For the taxonomically restricted species, the observed outcomes were more variable, standoffs were more common, and prediction accuracy was considerably lower. The species set showing greater nontransitivity, which as hypothesized was the taxonomically restricted set, also had more variable outcomes at the level of species pairs. This could underlie and be related to analogous communitylevel findings: simulations demonstrated that increasing nontransitivity within a community of species is associated with more sustained species coexistence but also with greater variability in terms of how many species remain after a large number of generations (Laird and Schamp 2006) .
To our knowledge, the data set used here contains the largest number of species yet examined for competitive outcomes and the prevalence of nontransitivity. As such, it provides a useful point of comparison with theoretical work. For example, species that are typically common within their ranges tend to be better competitors in our analysis. Because the commonness measure was a global classification assigned independently of the data used in this study, this result forms a long-term, large-scale complement to previous work demonstrating that the abundance of a species in a nontransitive network oscillates around its equilibrium density, which can be determined from the outcomes of all pairwise interactions in a community. This oscillation implies that a species that happens to be temporarily rarer than its equilibrium density should gain a competitive advantage and one that is at greater than its equilibrium density should be at a disadvantage (Allesina and Levine 2011) . Whether the relation between coral density and competitiveness is causal or correlational, however, is unknown.
The final goal of our work was to examine the extent to which corals compete according to nontransitive networks rather than hierarchies. Our results suggest that roughly a quarter of species-triple relations are nontransitive and nearly half are hierarchical. An important question that has yet to be resolved is how to interpret the level of nontransitivity found here: is it high, moderate, or low compared to other systems? Several indexes of intransitivity have been developed and shown to be correlated with the richness of species that can coexist (Laird and Schamp 2006, 2009) . However, these indexes can be computationally expensive for large numbers of species, and they do not accommodate standoffs, as reported here, or win-win interactions, as reported for an ant species (Sasaki et al. 2016) . Experimentation has also shown that current intransitivity indexes, by themselves, may be inadequate to predict levels of species coexistence and that details of the topology of the full competition network are also important (Laird and Schamp 2009 ). Unfortunately, an efficient, computable, and informative way to describe the topology of a large network is not yet at hand. Failing that, the description of three-way relations given in table 4, although imperfect (Petraitis 1979) , offers insights into the degree of nontransitivity in a large-scale ecological network.
In addition to network topology and nontransitivity, spatial organization can be of importance to coexistence. Spatial constraints can limit the number of species pairs that interact, which is a requirement for stability in some conditions (May 1972) . Further, spatial patterning can result from the availability of a larger number of competitive strategies, as possessed by corals (Szolnoki et al. 2014) . Spatially restricted, local-rather than global-competition may be key to maintaining coexistence through nontransitive interactions and, therefore, may be especially important among sessile organisms such as corals (Kerr et al. 2002; Laird 2014; Laird and Schamp 2015) . Additional theory is needed to more closely link the topology, degree of nontransitivity, and connectedness of a network to the number of species that may coexist over the long term.
